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ABSTRACT 
DIRECT MULTIELEMENTAL ANALYSIS OF SOLID SAMPLES USING LASER 
ABLATION INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY AND 
PULSED RADIO FREQUENCY GLOW DISCHARGE MASS SPECTROMETRY 
Joseph C. Miller August 2003 53 Pages 
Directed by: Dr. John T. Riley, Dr. Eric Conte and Dr. Thandi Buthelezi 
Department of Chemistry Western Kentucky University 
Direct solid sampling is an area of analytical research that has generated a large amount 
of interest in recent years. Two analysis systems offering fast and nondestructive 
methods of determining the elemental composition of substances, without requiring 
complicated sample preparation procedures, are laser ablation inductively coupled plasma 
mass spectroscopy (LA-ICPMS) and radio frequency glow discharge mass spectroscopy 
(rf-GDMS). A Cetac LSX-200 laser system coupled to a LECO Renaissance ICPMS was 
utilized to analyze coal and ash samples prepared by incorporation into a lithium borate 
matrix to form a disk. In addition, a VG 9000 Glow Discharge Mass Spectrometer 
(GDMS) with Nier-Johnson reverse ion optic geometry, equipped with a radio frequency 
source (rf-source), was used for the determination of nonconductors or insulators in 
addition to the normal metals and semiconductors previously determined by dc-source 
analysis. Further addition of a pulse generator to the rf-source resulted in a variable duty 
cycle, allowing greater ionization efficiency without the risk of catastrophic damage to 
viii 
the sample. The results of this research indicate that the LA-ICPMS system can be used 
to directly determine the composition of ash samples, with further method development, 
and that the Prf-GDMS system can be used successfully to analyze nonconductive solid 
samples including bone tissue. 
IX 
1. INTRODUCTION 
Direct solid sampling is an area of analytical research that has generated a large 
amount of interest in recent years. Analysis systems offering fast and nondestructive 
methods of determining the elemental composition of substances without requiring 
complicated sample preparation procedures that risk sample contamination and sample 
loss exhibit obvious potential as analytical tools. 
A. Advantages of Direct Solid Sampling 
Elemental analysis typically requires a portion of the sample to be prepared in a 
solution that can then be introduced in the analysis system by some form of solution 
nebulization. The process of preparing a sample into a solution risks the contamination 
of the sample and/or sample loss. Furthermore, solution nebulization typically requires 
approximately a milligram of sample material.1 Direct solid sampling does not require 
the associated preparation procedures and thereby eliminates the risks of contamination 
and sample loss. Additionally, it is possible to analyze much smaller amounts with direct 
solid sampling techniques. In cases such as laser ablation (LA), less than a microgram of 
sample may be required for sufficient chemical analysis. Direct solid sampling is 
therefore essentially nondestructive. Some direct solid sampling techniques also allow 
the spatial characterization of heterogeneity in samples such as inclusions to be analyzed 
with micrometer resolution of the depth and lateral dimensions.1 
1 
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B. Applications of Direct Solid Sampling 
The advantages of direct solid sampling discussed previously result in a variety of 
applications for methods of direct solid sampling. The increased throughput and 
decreased sample contamination resulting from less preparation of samples would be 
applicable to many academic and industrial fields including geology, environmental 
science, forensics, semiconductor manufacturing and archaelology.1 A detailed 
knowledge of the composition of substances at spatial scales on the order of micrometers 
is necessary for the analysis of trace element distribution in metals applying to 
cosmochemistry, experimental geochemistry, economic geology, and archeology.2 
C. Instrumental Methods of Solid Sampling 
Table 1. lists many of the most important types of atomic mass spectrometry that 
are capable of direct analysis of solid samples. 
Table 1. Types of Solid Sample Atomic Mass Spectrometry. 
Name Anacronym Atomic Ion Source 
Laser Ablation 
Inductively Coupled Plasma 
LA-ICPMS High-temperature argon 
plasma 
Glow Discharge GDMS Glow-discharge plasma 
Thermal Ionization TIMS Electrically heated plasma 
Laser Microprobe LMMS Focused laser beam 
Secondary Ion SIMS Accelerated ion 
bombardment 
Spark Source SSMS Radio-frequency electric 
spark 
Two instrumental methods of direct solid sample trace multi-elemental analysis that have 
received recent attention and will be further discussed are laser ablation inductively 
coupled plasma mass spectrometry (LA-ICPMS) and radio frequency glow discharge 
mass spectrometry (rf-GDMS). Both methods exhibit low limits of detection on the order 
of parts-per-billion (ppb) to sub-parts per billion, with good sensitivity for most elements, 
and have the potential of being standard techniques for direct solid sampling.3 
D. Mass Spectrometer 
Mass spectra are generally much simpler and easier to interpret than optical 
spectra, making mass spectrometric detection with inductively coupled plasmas 
advantageous. For example, rare earths may exhibit thousands of emission lines as 
shown in the emission spectrum of a solution containing 100 ppm cerium in Figure la.3 
Figure lb. shows the mass spectrum of a solution of 10 ppm cerium.3 The mass spectrum 
is much easier to interpret without the molecular bands making up the background of the 
optical spectrum. Only a few molecular ion species are present in the mass spectrum. 
The mass spectra obtained by ICPMS once held hopes of an interference-free method of 
analysis, but that is not the case. Many serious interference problems are encountered in 
atomic mass spectrometry and fall into two general categories: Spectroscopic 
interferences and nonspectroscopic interferences. 
Spectroscopic interferences result from ionic species in the plasma with the same 
m/z values as an analyte ion. Spectroscopic interferences fall into four categories. 
Isobaric interferences refer to interference of two elements that have isotopes of 
substantially the same mass. With quadrupole mass spectrometers, isobaric species are 
isotopes differing in mass of less than one unit. Higher resolution mass spectrometers 
can resolve smaller differences.3 While most elements have up to three isotopes that are 
free from isobaric overlap, indium's two stable isotopes 1I3In+ and I1:,In+ have overlaps 
with U3Cd+ and 11:>Sn+, respectively. Isobaric interference commonly occurs with the 
most abundant, most sensitive isotope. The same is true for 40Ca+ (97.9%), which is 
overlapped by 40Ar+, thus making it necessary to choose the second most abundant 
isotope 44Ca+ (2.1%) for analysis. Another example involves ?8Ni+ that is overlapped by 
58Fe+. Correction for this overlap can be made by measuring 56Fe+ and 58Fe+ peaks and 
CO 
calculating the contribution of Fe to the peak at m/z 58 from the natural abundance 
ratio of the 56Fe+ isotope to that of 58Fe+ isotope. Many instruments are capable of 
making these corrections automatically using the appropriate software, since these 
isobaric overlaps are predictable from abundance tables. 
Polyatomic Ion Interference is an interference problem is more serious than 
isobaric interferences and arises from polyatomic species formed from interactions 
between species in the matrix of the sample or the atmosphere and species in the plasma. 
These interactions result in the formation of several molecular ions that have the potential 
to interfere with analyte ions. Polyatomic ion interference is predominantly found at m/z 
values below 82. Examples can be seen in Figure lb and can include such species as 
40Ar2+, 40ArH+, I602+, H2160+, 16OH+, 14N+ and others. Among the most serious 
interferences caused by polyatomic ions are 
14N2+ with 28Si+, NOH+ with 31P+, 1602+ with 
32S+, 40ArO+ with 56Fe+, and 40Ar2+ with 80Se+. Polyatomic ion interference may be 
corrected with a blank, but many times a different analyte isotope must be used. 
Oxide and Hydroxide Species Interference is the most serious general class of 
interferences in ICPMS and arises from oxides and hydroxides that are formed from the 
analyte, the matrix components, the solvent and the plasma gases. These can be seen in 
Figure lb. Oxides and hydroxides arising from the analyte and matrix are the more 
serious interferences of this type and to some extent form MO+ and MOH+ ions, where M 
represents the analyte or matrix element. Interference arises when the peaks from these 
species overlap the peak of one of the analyte ions. An example is the singly charged 
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Figure 1. Comparison of (a) optical ICP spectrum for 100 ppm cerium and (b) mass ICP spectrum for 10 ppm cerium. 
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oxide ions of the five naturally occurring titanium isotopes with masses of 62, 63, 64, 65 
and 66 amu offering potential interference for 62Ni+, 63Cu+, 64Zn+, 65Cu+ and 66Zn+ analyte 
peaks. Table 2. Shows the potential oxide and hydroxide interferences caused by calcium 
that can cause problems in the determination of metallic species.3 Variables that are 
being researched to reduce the oxide and hydroxide formation in plasmas include injector 
flow rate, the radio-frequency power, sampler skimmer spacing, sample orifice size, 
plasma gas composition, oxygen elimination and solvent removal efficiency. 
Table 2. Calcium Oxide and Hydroxide Species and Other Potential 
Interferences in the Mass Region for Ni Determination. 
m/z Elementa Interferences 
56 Fe(91.66) 4UArO, 4"CaO 
57 Fe(2.19) 4UArOH, 4UCaOH 
58 Ni(67.77), Fe(0.33) 42CaO, NaCl 
59 Co(100) 43CaO, 42CaOH 
60 Ni(26.16) 43CaOH, 44CaO 
61 Ni(1.25) 44CaOH 
62 Ni(3.66) 4bCaO, Na20, NaK 
63 Cu(69.1) 4bCaOH, 4UArNa 
64 Ni(1.16), Zn(48.89) 3 iS02 ,32S2 , 48CaO 
65 Cu(30.9) 33S32S, 33S02, 48CaOH 
Matrix effects usually cause a reduction of the analyte signal, although that is not always 
the case, and generally becomes noticeable at concomitant concentrations of greater than 
500 to 1000 ppm. Matrix effects can be minimized by using more dilute solutions, 
altering the sample introduction procedure, separating out the offending species, or by 
using an appropriate internal standard element with roughly the same mass and ionization 
potential as the analyte. 
E. Laser Ablation Inductively Coupled Plasma Mass Spectrometer 
Due to its low detection limits for most elements combined with good precision and 
accuracy, inductively coupled plasma mass spectrometry (ICPMS) is now one of the 
most important techniques for elemental analysis. Sample introduction for ICPMS is 
most often accomplished via solution by a conventional or ultrasonic nebulizer. Solid 
samples may be introduced into the ICP torch, serving as an atomizer and ionizer, by one 
of a number of introduction techniques including spark or glow discharge or laser 
ablation. These types of instruments have been available commercially for these 
techniques since the early 1980's. 
Positive ions produced in a conventional ICP torch are sampled through a 
differentially pumped interface that is linked to a mass spectrometer. Spectra are 
produced from isotope peaks for each element present in the sample. It is possible to 
determine the qualitative presence of elements present in the sample as well as 
quantitatively measuring their amounts. Quantitative measurements are generally 
accomplished by plotting the ratio of the analyte ion count to the ion count of an internal 
standard to produce a calibration curve. 
A diagram of a commercial ICPMS system is shown in Figure 2 . The ICP torch 
operates at atmospheric pressure while the mass spectrometer requires a pressure of less 
than 10"4 torr. Thus a critical part of the instrument is the interface coupling the two 
components. A differentially pumped interface coupler consisting of a water-cooled 
nickel cone with an orifice of less than 1.0 mm in its center, or sampling cone, is used to 
accomplish the interface coupling. The hot plasma gas is transmitted through the 
sampling cone into a region with a pressure of approximately 1 torr that is maintained by 
a mechanical pump. The gas is cooled in this region as a result of the rapid expansion in 
the lower pressure. A second cone, the skimmer cone, is then utilized to allow a fraction 
of the gas to pass through to the next region which is a chamber maintained at the much 
lower pressure of the mass spectrometer on the order of 10"4 torr. From this chamber, 
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Figure 2. Diagram of a commercial ICP-MS 
00 
the positive ions are separated from electrons and molecular species by a negative 
potential, accelerated and focused by a magnetic ion lens onto the entrance orifice of the 
-2 
mass analyzer. 
Typically, commercial ICPMS instruments operate in a mass range of 3 to 300 
with the ability to resolve ions differing by 1 m/z and a dynamic range of 6 orders of 
magnitude.3 ICPMS instruments have been used to determine over 90 percent of the 
elements in the periodic table. Detection limits of 0.1 to 10-ppb have been achieved for 
most elements with measurement times of 10 seconds per element. Furthermore, relative 
standard deviations of 2 to 4 percent for concentrations in the middle region of calibration 
curves have been reported. 
Instrument manufacturers have coupled laser-sampling systems to ICPMS for 
direct elemental analysis of solid samples with minimal sample preparation.4 These 
instruments have utilized a pulsed laser beam focused onto a few square micrometers of 
12 2 
the solid sample, providing power densities of as much as 10 W/cm . Most materials 
are rapidly vaporized by this high-intensity radiation. The vaporized sample is then 
carried by a flow of argon gas into the ICP torch, where the sample is atomized and 
ionized. The hot plasma is then passed through the sampling cone, the skimmer cone and 
into the mass spectrometer. These instruments have the potential to become invaluable 
analytical tools where samples are difficult to decompose or dissolve, as in applications 
of geological materials, alloys, glasses, agricultural products, particulates, and soil 
samples. Figure 3 shows the spectrum of a disk formed from ground rock sample with 
applied pressure.3 Upon laser ablation of the sample, the vaporized material was 
introduced to the ICP torch by Argon carrier gas flow, ionized and then analyzed by a 
quadrupole mass spectrometer. 
28c; + 
56pe+ 
20 
Mass (Da) 
40 60 
Figure 3. Spectrum of a standard rock sample obtained by laser ablation/ICPMS. 
Major components (%) are Na, 5.2; Mg, 0.21; Al, 6.1; Si, 26.3; K, 5.3; Cu, 1.4; Ti, 0.18. 
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Mass spectrometers coupled to the ICP allow lower detection limits than those 
attainable with optical detection.3 Typical detection limits of ICPMS range from 0.02 to 
0.7 ppb. Detection limits for selected elements by ICPMS compared with ICPOES and 
electrothermal atomic absorption spectroscopy (ETAAS) are shown in Figure 4. 
ICPMS is easily adapted to multielement analyses and is useful to quickly 
characterize and semiquantitatively analyze various types of naturally occurring and man-
made materials. ICPMS atomic mass spectra are easier to interpret than optical emission 
spectra. Figure 5 shows an atomic mass spectrum for a mixture of 14 rare earth elements 
ranging in atomic mass from 139 to 175.3 This range of atomic masses would be 
virtually impossible to interpret if it were an optical spectrum, exhibiting the usefulness 
of ICPMS as a qualitative tool. By measuring the peak ion current or intensity for a 
solution having a known concentration of analyte, it is possible to perform 
semiquantitative analysis with ±100 percent relative error by computing the analyte 
concentration by assuming the ion current is proportional to concentration. The most 
common quantitative method of analysis using ICPMS uses a set of calibration standards 
for preparing a calibration curve.3 
F. Radio-frequency Glow Discharge Mass Spectrometer 
Glow discharges began to be employed as emission sources for trace elemental 
determination of solid samples in the late 1960's.3 Glow discharge began to gain 
prominence within the analytical community in the 1980's, and techniques for elemental 
analysis have rapidly advanced due to the versatility in the direct analysis of surfaces, 
multilayer coated samples and bulk substrates.6 
Analytical chemists have recognized that the many complex physicochemical 
processes occurring in the glow discharge can be exploited to yield compositional 
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analysis of a sample placed in the active plasma environment and has utilized the 
phenomena of atomization, excitation, and ionization inherent in gas discharges for direct 
n 
analysis of solid conducting samples. A glow discharge is a form of plasma, a partially 
ionized gas consisting of approximately equal concentrations of positive and negative 
charges plus large numbers of neutral species. 
Performing simultaneous sample introduction and sample atomization, a glow 
discharge (GD) is a versatile source. The glow discharge occurs in a low-pressure 
atmosphere of 1 to 10 torr of argon gas between a pair of electrodes that are maintained at 
a dc potential of 250 V to 1000 V. The argon gas is broken down into positively charged 
argon ions and electrons by the applied potential. The ions are accelerated to the cathode 
surface containing the sample. Neutral sample atoms are ejected by a process called 
sputtering at a rate as high as 100 i^g/min. Cathodic sputtering in a glow discharge is a 
versatile means of sample atomization for atomic spectrometry and sample atoms 
sputtered in the glow discharge plasma have been detected by a variety of means O Q 
including mass spectrometry (MS). ' Sputtering provides the means of obtaining directly 
from a solid sample an atomic population for excitation and ionization that makes a glow 
discharge useful in analytical spectrometry. Noble gas ions are routinely used as sputter 
gases in GDMS, providing high sputter yields and inert nature that minimizes chemical 
reaction with the sample. Argon has been found to be the best choice for most medium 
atomic weight materials.7 A mixture of atoms and ions that can be determined by various 
means of detection compose the atomic vapor produced in a glow discharge. A fraction 
of these ions are in an excited state and upon relaxation can produce a low-intensity glow 
that may be used for optical emission measurements. 
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Although the glow discharge atomizer has been used primarily for analysis of metals 
and conducting samples because of the usual dc source limitations, it is possible to mix 
nonconducting samples with a conductor such as graphite or copper powders. A 
conductive disk is formed by grinding the nonconducting sample to a powder, mixing it 
with the conducting powder, and pressing the mixture under high pressure. An 
alternative to making the sample conductive is the incorporation of a radio frequency 
source that is able to form a glow with nonconductive materials. Radio frequency-
powered sources have been demonstrated to atomize both conducting and nonconducting 
samples for mass spectrometry.10 
The most common way of categorizing glow discharge ion sources is to consider the 
arrangement of the cathode with respect to the anode. It is also common to consider the 
operating characteristics, the pressure and power, of the various sources or to separate 
them on the basis of whether they operate with a direct current (dc) or radio frequency 
(rf) supply or with constant or pulsed voltage mode operation. 
Conventionally, analytical glow discharges have been operated with a constant 
negative dc potential applied to the cathode. Direct current operation limits the types of 
samples to be analyzed to conductive materials. It is possible to incorporate the radio-
frequency-powered discharge in order to analyze nonconductors. Current cannot flow 
through an insulating substrate, thus applying a potential to glass, ceramic, soil, or other 
insulating sample produces an effect similar to charging a capacitor.11 Negative charge 
exists upon the application of a negative dc potential to the surface of the insulator, but as 
a result of charge neutralization reactions with ions at the surface this charge decays 
rapidly to a more positive potential resulting in a brief discharge, existing only until a 
minimum threshold voltage is reached. At this point, the plasma is extinguished.11 If an 
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alternating (ac) potential is applied to the cathode, bombarding the surface by an 
alternating source of electrons and positive ions, a time-averaged negative dc bias is 
achieved from the increased mobility of the electrons allowing accumulation of more 
electrons than ions during repetitive half-cycles as illustrated in Figure 6.11 Consider a 2-
kV peak-to-peak radio frequency potential (Va) and the resulting potential on the cathode 
surface (Vb). The surface charges to -1 kV, decaying to -0.7 kV as the surface is 
bombarded by positive ions as the potential is applied during the first half-cycle. An 
applied positive potential results in a 1.3 kV potential on the surface at the beginning of 
the second cycle during which time electrons are accelerated relative to positive ions, so 
the surface potential decays toward zero faster than in the previous half-cycle with a 
result of 0.5 kV potential on the surface. Initiating the second full cycle and switching 
the polarity of the electrode will result in a potential of -1.5 kV. The waveform of Vb 
reaches a constant negative dc offset (self-bias potential) after several cycles. While the 
exact value of the dc offset depends on the discharge pressure and source geometry, it is 
approximately one half the applied peak-to-peak voltage. The discharge can generally be 
considered a continuous dc discharge with a superimposed ac potential.11 
Steady-state discharges rely on the application of a constant potential to the 
cathode. As ions and high-energy neutrals bombard the sample, the cathode begins to 
heat, leading to a higher resistance and an annealing effect that can lead to sample 
12 
cracking, discharge arcing, or preferential sputtering of the sample matrix. 
Methods to alleviate heating in steady-state discharges are limited to operation at 
lower potentials, changes in cathode geometry, or water-cooling of the cathode. 13 Alternatively, operation with a pulsed or modulated potential may be utilized. By 
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Figure 6. Voltage characteristics versus time for pulsed direct current and radio 
frequency discharges. t—* 
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applying potential in cycles consisting of short on-pulses, followed by longer off-times, 
cooling of the cathode results and higher instantaneous voltages and currents can be 
applied that, in turn, increase sputtering yield and analyte excitation/ionization. 
The two most common discharge geometries are pin cathodes and planar 
cathodes, respectively, shown in Figure 7 and Figure 8, primarily because of the 
simplicity of the construction and operation and sample interchange. The sample in a pin 
cathode is usually a 1-3 mm diameter cylindrical rod with 5-15 mm of its length exposed 
to the discharge, operating in conditions of 0.5 to 5 torr of rare gas at voltages between 
500 and 3000 volts and currents between 0.5 to 5 mA. 
Planar cathodes operate under similar conditions as pin cathodes with the 
exception that the sources must be operated at currents up to 15 mA in order to maintain 
comparable current densities. The planar cathodes are typically 5 mm to 5 cm in 
diameter with a thickness between 1 and 5 mm. These are made by machining or 
pressing and have found wide application in trace elemental analysis.3 
In order to transfer species out of the plasma into the detection system, an 
extraction voltage is applied just beyond the exit orifice of the cell that enhances the 
fraction of ions in the final beam. Energy filter devices may be necessary to reduce the 
energy spread of the ions. Two types of energy filters are Bessel boxes and electrostatic 
analyzers (ESA) shown in Figure 9. Magnetic sector mass analyzers are used extensively 
with glow discharge plasmas and are illustrated in Figure 10. In the case of the magnetic 
sector mass analyzer, fields generated by spinning charged particles (ions) interact with a 
magnetic field imposed on their flight. Ions of different mass are separated in space by 
following a curved path with a radius proportional to their mass-to-charge ratios. The 
resolution is enhanced by a series of mechanical slits that define the beam shape. ESA's 
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Figure 7. Schematic diagram of a pin cathode glow discharge source. 
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Figure 10. Schematic diagram of a magnetic sector mass spectrometer. 
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are commonly used in conjunction with magnetic sector devices such as in the case of the 
commercially available VG9000 glow discharge mass spectrometer, which employs the 
reverse Nier-Johnson geometry of positioning the ESA after the magnetic sector. The ion 
beam is deflected 90° by the ESA to select and transmit nominal ion energy. Unwanted 
ions deviate from the path and are absorbed by the walls as shown in Figure 9. 
There are several different detection systems used to detect ions once they have 
exited the mass spectrometer, including Faraday cups, electron multipliers, and 
microchannel plates. MicroChannel plates find common use with time-of-flight mass 
spectrometers. Faraday plates are the simplest detector, consisting of a thin metal plate 
that is electrically isolated from the housing and position to intercept the charge flux 
emerging from the mass spectrometer. A current is induced by collisions of ions with the 
plate, which can be amplified and converted to an output voltage by dropping it across a 
resistor. A relatively large current flux greater than 10 pA is used to detect major species 
of the spectrum. An electron multiplier is often used to detect trace constituents. Stray 
photon noise and high-energy ion noise is reduced by positioning the multiplier off the 
ion axis. Ions emerging from the mass spectrometer are accelerated toward the device by 
holding the multiplier aperture at a large negative potential. Ions impact and release free 
electrons at the surface that are multiplied through a cascade process, gaining up to 106. 
Multipliers operating in analogue mode generate current similar to output from a Faraday 
plate, while in ion counting mode, a pulse of electrons is generated on the surface by each 
incident ion. The pulse is conditioned after being fed to an amplifier and a discriminator 
that filters out the background. An output consisting of a digital count rate is produced 
by a counter/processor. A Daly detector is a type of pulse-counting detector, which 
accelerates the ion beam to 20 kV, directing it to a large cross section of a highly polished 
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material for secondary electron emission. The ejected electrons impinge on a plastic 
scintillator, whose flashes of light are registered by a photomultiplier outside the vacuum 
system and data processing proceeds. 
Analytical application of GDMS has been favorable for trace element analysis, 
especially in routine analysis of metals, alloys and semiconductors and has provided 
reliable data in commercial laboratories for the last 10 years. The majority of materials 
analyzed by GDMS are semiconductors; however, new techniques have increased the 
analysis of solution residues and nonconductors. The development of new techniques is 
of growing interest to researchers. 
G. Objectives of Research 
The objectives of the research performed and discussed in this report consist of two parts: 
(1.) Explore the use of an inductively coupled plasma mass spectrometer with a laser 
ablation sample introduction system to directly analyze the elemental composition of 
samples and (2.) Explore applications for a VG 9000 GDMS instrument that has been 
modified by the incorporation of a radio frequency source capable of sputtering 
nonconductors as an analytical tool in the area of direct multi-element analysis of solid 
samples. 
The first objective will be carried out by using pellets prepared from standards of 
known concentrations of trace elements combined with a lithium tetraborate matrix. 
Calibration curves will be prepared by a process of multi-shot ablation of a single 
standard with varying laser pulse repetition rates using the prepared standard for an array 
of elements. Once the calibration curves are obtained, samples will be analyzed to 
evaluate the viability of the calibration technique. 
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The second objective will be accomplished by incorporating a pulse generator to 
the radio frequency source of a high-resolution glow discharge mass spectrometer. The 
modes of operation will be compared and optimization of pulse conditions will be 
performed. Applications of pulsed-rf-Source Glow Discharge Mass Spectrometry 
(prf-GDMS) will be addressed with emphasis on isotopic analysis in bone tissue that will 
be performed. 
II. EXPERIMENTAL 
A. ICP Materials 
1. Ash Samples 
National Institute for Testing and Materials (NIST) standard reference material 
(SRM) 1633b was used to prepare calibration standards. 
2. Reagents 
2.1. 90% Li2B407 - 10% Li2C03 from Fisher was used as a fluxing agent. 
2.2. Ammonium Iodide from Fisher was used to facilitate removal of disk. 
B. GDMS Materials 
1. Glass Standard 
National Institute for Testing and Materials (NIST) 610 glass. 
2. Bone Samples 
2.1. A cow bone was spiked with lead acetate and used to test system. 
2.2. Excavated human bone. 
3. Reagents 
3.1 Lead Acetate from Fisher. 
3.2 Graphite from Fisher was used as a conductive matrix. 
B. Instrumentation 
1. LA-ICPMS 
A LECO Renaissance Time-of-Flight - Inductively Coupled Plasma - Mass 
Spectrometer, TOF-ICP-MS, system manufactured by the LECO Corportation, 
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St. Joseph, MI, was used for elemental detection and analysis. The ICP was operated at 
40.68 MHz with a forward rf power of 1.248 KW. 
The Renaissance can be used in the elemental analysis of samples in the solid, 
liquid, and gas phases, combining three fundamental principles into one central 
application. The ICP is the ionization source for the mass spectrometer. Initially, 
application of an ICP discharge was in the field of atomic emission spectroscopy in 
which atomic energy transitions are excited in the ICP source. The wavelengths and 
intensity of light emitted from the discharge indicate the types and amounts of elements 
introduced. Mass Spectrometry (MS) is a technique for measuring the mass of a species 
in its ionic form (removal of at least one electron). 
A vacuum is necessary for analysis of the ions for efficient detection. All the ions 
are accelerated to the same kinetic energy within an electric field in time-of-flight mass 
spectrometry (TOFMS), entering a region free of electric fields upon acceleration. The 
ions are separated in time within this "drift region," due to their mass differences. The 
separation that occurs in the drift region is defined by the following kinetic energy (KE) 
equation: KE = '/2 mv , where m is the ion mass and v is the ion velocity. A mass 
spectrum is generated by measuring the arrival of the ions at a point in the drift region as 
a function of time. The plot of ion signal versus time is calibrated to mass. 
The ICP is considered an efficient way to atomize and ionize the sample. ICPMS 
was developed by joining the ICP with a suitable mass spectrometer, which provided an 
inherently more sensitive method than atomic emission for measuring analytes that are 
introduced into the ICP. Usually, sample introduction into the ICP is via a fine aerosol 
where it is vaporized, atomized, and ionized; however, gaseous and solid particulate 
introduction is also possible. The tail plume of the ICP discharge is placed within 
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millimeters of the entrance of the mass spectrometer. A sampler cone with a hole, 
typically-1 mm, in the tip defines the entrance to the mass spectrometer. The sampler 
cone of the mass spectrometer is aligned with the central (analyte) channel of the ICP. 
Three chambers comprise the vacuum chamber of the mass spectrometer. The first 
chamber is immediately behind the sampler cone where the pressure is pumped down to 
2-3 Torr with a rotary vane vacuum pump. 
Several millimeters behind the sampler orifice, a skimmer cone with a ~ .5 mm 
hole is aligned with the sampler orifice. Expanding gas from the ICP is subsampled 
through this orifice into the second-stage vacuum that is pumped down with a 
turbomolecular pump, to a pressure of 1x10" Torr. This third-stage vacuum orifice 
behind the skimmer cone allows ions to enter the time-of-flight mass spectrometer region 
of the instrument and is pumped down by another turbomolecular pump to 
lxlO"6 Torr 
when the ICP is being sampled. 
Ion optics control the ion flow through the Renaissance TOF-ICP-MS. While the 
consecutive orifices in the instrument serve to transport many ions, electrons, and neutral 
gas to the mass spectrometer, the flow of positive ions can be optimized and controlled 
with ion-optical apparatus shown in Figure 11. The sampler and skimmer orifices, or 
cones, are maintained at ground potential and ions are extracted from the skimmed beam 
with Ion Lens 1 (Extraction) and are then focused through the third-stage cone, which is 
also at Ion Lens 1 potential. The first optic in the third-stage vacuum, Ion Lens 2, sends 
the ions into the modulation region of the TOFMS. The modulation optic is a cylinder 
and is responsible for selecting a 1.5 cm long ion packet from the continuous stream and 
acceleration into the drift region of the mass spectrometer. 
Figure 11. Optical Setup for ICPMS. 
t o 
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Ions are transmitted to the acceleration region of the TOFMS by a negative 
voltage applied to the modulation optic. The modulation optic is switched to a positive 
potential when enough ions have been sampled, preventing ions from entering the drift 
region. Ions selected by the modulation optic enter the region in front of the repeller 
electrode, which is pulsed to a positive voltage (defined by repeller bias and repeller 
pulse voltages) and remains at this voltage for 1 microsecond, sending all elemental ions 
into the DC acceleration region of the TOFMS where the ions are given their final kinetic 
energy. 
Ions enter the flight tube and pass through focusing and steering optics after 
acceleration, increasing the ion transmission through the time-of-flight mass analyzer. 
The first optic is Einzel 1, followed by Y-steering plates, Einzel 2, and X-steering plates. 
The ions encounter an ion mirror used to lengthen the flight of the ions and focus their 
energy spreads at the opposite end of the vacuum chamber. Two electrodes define two 
"reflecting" fields that reflect ions back to the detector surface. An electrode called 
"reflectron low defines the first field." The second field is a linear potential drop 
between reflectron low and reflectron high. The energy focusing of the ion mirror can be 
optimized for the given flight tube and repeller potentials through adjustment of 
reflectron high. The detector, a discrete dynode electron multiplier, is located above the 
ion-optics, opposite the ion mirror. There are three grids used to reduce low-energy 
background ions from striking the detector surface in front of the ion detector. 
An LSX-200 laser ablation system manufactured by CETAC in Omaha, Nebraska 
was coupled to the ICP-MS by a length of 0.16-cm-diameter Tygon tubing. The LSX-
200, shown in Figure 12, employs a frequency-quadrupoled Nd:YAG laser at 266 nm 
LSX-200 Plus Sys tem 
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Microscope 
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N e b Gas In 
Polarized Light Source 
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Figure 12. Diagram of LSX-200. 
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capable of generating pulses that are less than 6 ns in duration and up to 5 mJ in energy. 
Laser spot size can be adjusted from 10 to 260 |_tm in diameter. The power density at the 
sample surface is largely independent of spot size due to the ability to alter the beam spot 
size without adjusting the laser focus in combination with a flat laser beam intensity 
profile. Power density as a function of ablation spot size was confirmed by replacing the 
ablation cell with a power meter.14 The LSX-200 can conveniently accommodate samples 
fitting the 2-in. diameter chamber. To prevent reflection or transmission of laser light, it 
is often preferable to use flat, unpolished surfaces instead of polished surfaces. The user 
can view the sample in transmitted or reflected light with a binocular microscope or by its 
CCD camera image. The produced aerosol is transported to the torch via Tygon tubing, 
with an uptake time of a few seconds and a washout time following the end of ablation of 
5 s per order of magnitude that the signal drops.2 A smaller ablated spot diameter as well 
as enhanced coupling of the laser light to the sample can be achieved by the use of an 
ultraviolet laser source instead of an infrared beam, particularly in the case of nonmetallic 
specimens.2 The laser ablation process with metal targets is largely that of melting and 
vaporization, because the time scale for dissipating the absorbed energy, on the order of 
picoseconds, is short compared to the laser pulse length that is on the order of 
nanoseconds.15 
There are several different methods of standardization that may be utilized. 
External standard methods, calculating concentrations relative to the intensity measured 
from a known standard, can in principle be used. However, it is critical that the standard 
be very similar to the sample because of the known large dependence of the signal 
intensity on material properties such as the melting point (matrix effect). It is therefore 
preferable to use internal standardization. In this approach, calibration is obtained by 
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measuring the intensity ratios obtained relative to the concentration of at least one major 
or minor element that is independently known. A set of instrumental sensitivity factors is 
determined for all isotopes of interest from a known standard for greatest accuracy, and 
these factors are applied to the measured intensity ratios for conversion to concentration 
ratios. The first ionization potential of the ion and mass discrimination are the two 
primary contributors to the instrumental sensitivity factors of an ICP mass spectrometer. 
Mass discrimination occurs at the skimmer cone, where ions first enter the mass 
spectrometer and light ions are preferentially scattered out of the flight path relative to 
heavy ions, by space-charge effects. This discrimination is proportional to the atomic 
mass to a first-order approximation. High first ionization potential (FIP) atoms are less 
likely to be ionized and are detectable at lower intensities than atoms of low-FIP. 
2. Prf-GDMS 
A VG9000 manufactured by VG Isotopes, Ltd., Cheshire, England, glow 
discharge instrument was used as the glow discharge plasma source for mass 
spectrometric elemental analysis. A diagram of the instrument is shown in Figure 14. A 
38 cm radius electrostatic analyzer in a reverse Nier-Johnson geometry follows a 27 cm 
radius magnetic sector to achieve double focusing capability with resolution capabilities 
of 6000-8000. This level of resolution will separate many, but not all, molecular 
interferents from nominal atomic isotopic lines. A mass range of 1-280 amu is obtained 
at a normal accelerating voltage of 8 kV. A dual detector system employs a Faraday 
collector for large ion signal (e.g., the discharge gas or sample matrix ions) and a Daly 
detector for the smaller ion currents from minor and trace constituents. The detector 
system is diagrammed in Figure 15. The instrument automatically switches between the 
VG 9000 
Glow Discharge Mass Spectometer 
GDMS 
Figure 14. Diagram of the VG9000 glow discharge mass spectrometer. 
u> 
Figure 15. Diagram of the VG9000 dual detector system. 
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detectors, based on ion current magnitude. The source housing is pumped by an oil 
diffusion pump, and the spectrometer is differentially pumped by two oil diffusion 
f\ 7 
pumps. Under these conditions, approximately 10" to 10" torr can be maintained in the 
analyzer section during discharge operation. A data system controls the spectrometer 
operation and data acquisition, permitting fast scans of low resolution by peak switching 
or slower high resolution scans when interferants are suspected. 
System options include a He cryopump for the source housing to reduce spectral 
background gases, an adjustable source slit to optimize mass resolution vs. detection 
limit, and ion counting electronics to enhance detection limits. Typical detection limits 
are reported to be 1-10 ppb with the VG 9000 for 100% isotopes. 
C. Experimental Procedure 
1. Method for Preparing Ash Samples. Ashing of the coal or coke samples to be 
analyzed was performed as described in ASTM D 6357. Enough of the coal or coke 
sample to yield approximately 0.5 g of ash was weighed to the nearest 0.1 mg into an 
open 50-mL quartz or high-silica crucible. The crucible was placed in a cold muffle 
furnace. The temperature was adjusted so that the furnace reaches a temperature of 
300°C in 1 hour and then 500°C in the second hour. The furnace temperature was 
maintained at 500°C for a minimum of 2 hours with occasional stirring. 
Ashing was complete when no visible evidence of carbonaceous material remains. 
The samples were cooled to room temperature under conditions that minimize the 
absorption of water. The ash was ground to pass a 150-|_im (No. 100) U.S.A. standard 
sieve in an agate mortar then reignited at 500°C for 1 hour. The ash was cooled and 
stored in a desiccator. 
37 
2. Method for preparing fusion disks. 
Flat disks to be used as calibration standards and samples are prepared for use 
with the LA-ICP-MS and Prf-GD-MS. The disks are prepared by combining 4.800 
grams of 90% LI2B4O7 - 10% Li2C03 with 0.4000 grams of the ash sample for analysis. 
The addition of 0.0500 grams ammonium iodide facilitates the removal of the disk from 
the platinum die. The lithium borate, ammonium iodide and ash sample are weighed out 
and placed into a platinum crucible and mixed to homogeneity. The crucible and mixture 
are placed in a 1050°F furnace for 7 minutes. After 7 minutes, the molten mixture is 
swirled by holding the crucible with tongs. The crucible and mixture are placed back into 
the furnace along with the die for the disk for an additional 7 minutes. Using tongs, the 
mixture is poured from the crucible to the die inside the furnace. The die is removed 
from the furnace with tongs and held until the disk begins to cool and visually separates 
from the surface. Calibration standards are prepared by incrementally increasing the 
amount of ash added to a constant amount of 90% Li2B407 - 10% Li2CC>3 and 
ammonium iodide. A calibration series of NIST 1633b was prepared using 0.0500, 
0.1000, 0.2000, 0.4000, 0.6000, 0.8000, and 1.0000 grams of standard 1633b ash. 
3. Method for LA-ICP-MS. 
The LSX-200 laser system was connected to the LECO Renaissance ICP system 
via Tygon tubing connected to the inlet to the plasma torch. The standard fusion disk 
prepared with NIST 1633b ash was inserted into the ablation chamber. Power intensity 
of the laser was set to 100 % with a 200 |am spot size with a scan rate of 50 |im/s. Using 
the Digilaze software interface, a line with a scan time of approximately 1 minute was 
traced along the surface of the sample. The pulse repetition rate was set to 1 
pulse/second. The laser was then fired in the line scan mode. After 30 seconds, the 
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Renaissance software begins acquiring data in 3 ten-second scans. The 3 scans of the 
mass spectrum are averaged, and the Renaissance software automatically stores the data. 
The process is repeated with pulse repetition rates increased to 2, 4, 5, 10 and 20 Hz. A 
calibration curve was constructed by plotting peak intensity of the acquired signal, which 
was proportional to concentration of analyte, to the pulse repetition rate. This calibration 
curve can then be used to determine the concentration of analyte in other samples of the 
same matrix. A second fusion disk was prepared at approximately Vi the concentration of 
the standard to be analyzed using the calibration curve obtained from the standard. 
4. Method for Prf-GD-MS. 
a. Direct determination of Lead Isotopes in Human Bone Samples. A radio 
frequency (rf) power source was used to generate an rf argon glow discharge that enabled 
the sputter-etch analysis of nonconductive bone tissue. In contrast to the dc mode of 
glow source operation, the rf discharge enables analysis of insulator materials with little 
surface charging effects. The generated ions were analyzed by a magnetic sector mass 
analyzer and ESA and electronically detected by Faraday and Daly detectors. Before 
attempting analysis of the human bone samples, a cow bone that had been spiked with 
lead nitrate was used to determine feasibility of proceeding with actual samples. Since 
the bone sample was not completely flat, it was necessary to use a foam packing material 
in order to form a seal around the sample and the aperture of the sample holder. It was 
unknown as to what effect the foam seal would have or whether or not enough pressure 
could be obtained to operate; however, this method resulted in the production of a plasma 
glow at approximately 20 W rf power and 10"4 Torr. 
Once satisfactory results were obtained by use of the cow bone, sample standard 
02323-1 was analyzed by the same method to detect isotopes 204Pb, 206Pb, 207Pb and 
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208Pb. Since the GDMS software calculates the isotopic concentrations by ion mass 
concentrations, it was necessary to recalculate to atomic percentage. To calculate the 
atomic percentage of the isotopes, it is necessary to normalize the total concentration to 
100 to get the isotopic weight percentages and calculate the actual average atomic weight 
of the lead in the sample. It is then possible to calculate the isotope atomic percentage for 
the sample by the formula (AVG Wt. Pb)*(Wt. % isotope)/(atomic wt. isotope). 
For each analysis, the sample was run 10 times and the results were averaged. 
b. Incorporation of Pulse Generator to the rf Power Source for Glow Discharge 
Mass Spectrometer (prf-GDMS ). Incorporation of a pulse generator to the rf source was 
designed and carried out by an electrical engineer, Mr. Bill Frasure. The system was set 
up with a dummy load for testing. Mr. Frasure provided a general schematic illustrating 
the modifications for possible patent purposes and will provide a specific schematic for 
the modified instrument for reference and diagnostics. After satisfactory results on the 
bench, the system was hooked up to the VG9000 GDMS. Using NIST glass standard 
610, the modified rf source was tested using both pulsed and normal non-pulsed 
operating modes. The pulse generator modifications provide the operator the ability to 
change the duty cycle of the active rf pulse as well as adjust the power output of the 
source by using the pulse generator controls independent of the rf unit's controls. With 
the pulse generator off, the operator may adjust continuous power output from the rf 
source controls. These controls can be used in conjunction to raise the baseline output of 
the pulse. Rather than cycling between "on and off," the operator may choose to cycle 
between a lower output and higher output rf signal. 
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Variation of the voltage and duty cycle of the pulse was explored in order to 
determine optimal conditions by recording intensity and resolution of the analysis of 
standard samples. Continuing work with NIST 610 glass standard, differences in RSF 
values under different conditions were observed. The standard was analyzed by three 
different modes of operation without pulsing the source. The sample was ground in a 
crucible and incorporated into 20% graphite in order to make a conductive pellet 
allowing for analysis by dc source as well as rf. The glass sample was also analyzed 
directly using the rf source. 
III. RESULTS AND DISCUSSION 
A. LA-ICP-MS 
Figure 16 shows the calibration curve for 138Ba obtained for the NIST 1633b 
fusion disk standard as well as the data obtained for a lower concentration fusion disk 
prepared from NIST 1633b. The compositions of seven calibration standards prepared by 
the fusion disk preparation method are summarized in Table 3. Table 4 summarizes the 
1 
peak intensity data obtained for Ba, which is proportional to the concentration of the 
isotope, for each of three scans of the standard disk (Disk 4) with the average and relative 
standard deviation of the three scans for laser pulse repetition rates of 1, 2, 4, 5, 10 and 20 
Hz. Corresponding data for several elements are obtained simultaneously; however for 
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simplicity, Ba will be used for purposes of discussion. The percent relative standard 
deviation for the three scans averaged for each data point range from 1.17% to 10.60 %. 
In addition, the plot of the average peak intensity versus repetition rate results in a linear 
calibration curve with a R-squared value of 0.9828 representing the linear relationship 
between increased pulse repetition rate and the concentration of analyte detected. 
i ->o 
Table 4. Peak Intensity of Ba Peak for Calibration Disk 4 with Varied Pulse 
Repetition Rate. 
Calibration 
Disk Element Scan 1 Scan 2 Scan 3 Average Std. Dev. % RSD 
Repetition 
Rate (Hz) 
4 Ba138 577.692 534.138 498.59 536.807 39.6187 7.38045 1 
4 Ba138 795.898 784.115 802.522 794.178 9.32334 1.17396 2 
4 Ba138 1280.35 1233.91 1235.42 1249.89 26.3898 2.11137 4 
4 Ba138 1221.2 1202.8 1167.14 1197.04 27.4865 2.2962 5 
4 Ba138 1862.84 2006.55 2006.76 1958.72 83.0322 4.23911 10 
4 Ba138 2860.91 2879.51 3431.75 3057.39 324.339 10.6084 20 
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Calibration Curve for 138Ba using Standard Disk NIST 1633b 
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Figure 16. Calibration Curve for 138Ba using Standard NIST 1633b Disk 4. 
Table 3. Relative Concentrations of Fusion Disks from Consensus Values for BaO (0.4000 g ASH/DISK). 
Parameter Unit Consensus 
Calibration Disk 
1 2 3 4 5 6 7 
AI203 % 28.6600 3.8804 7.5848 14.9052 28.6600 41.3864 53.2071 64.2632 
BaO % 0.0780 0.0106 0.0206 0.0406 0.0780 0.1126 0.1448 0.1749 
CaO % 2.1600 0.2925 0.5716 1.1234 2.1600 3.1191 4.0100 4.8433 
Fe203 % 11.1700 1.5124 2.9561 5.8092 11.1700 16.1300 20.7370 25.0461 
K20 % 2.3000 0.3114 0.6087 1.1962 2.3000 3.3213 4.2699 5.1572 
MgO % 0.7900 0.1070 0.2091 0.4109 0.7900 1.1408 1.4666 1.7714 
Na20 % 0.2600 0.0352 0.0688 0.1352 0.2600 0.3755 0.4827 0.5830 
P205 % 0.5470 0.0741 0.1448 0.2845 0.5470 0.7899 1.0155 1.2265 
S03 % 0.4500 0.0609 0.1191 0.2340 0.4500 0.6498 0.8354 1.0090 
Si02 % 50.2700 6.8063 13.3038 26.1439 50.2700 72.5923 93.3259 112.7185 
SrO % 0.1200 0.0162 0.0318 0.0624 0.1200 0.1733 0.2228 0.2691 
Ti02 % 1.3100 0.1774 0.3467 0.6813 1.3100 1.8917 2.4320 2.9374 
Antimony ppm 4.4000 0.5957 1.1644 2.2883 4.4000 6.3538 8.1686 9.8660 
Arsenic ppm 131.0000 17.7366 34.6688 68.1292 131.0000 189.1704 243.2006 293.7364 
Beryllium ppm 11.4000 1.5435 3.0170 5.9288 11.4000 16.4622 21.1640 25.5618 
Cadmium ppm 0.8000 0.1083 0.2117 0.4161 0.8000 1.1552 1.4852 1.7938 
Chromium ppm 184.0000 24.9125 48.6951 95.6929 184.0000 265.7050 341.5947 412.5763 
Cobalt ppm 52.0000 7.0405 13.7617 27.0437 52.0000 75.0905 96.5376 116.5976 
Copper ppm 108.0000 14.6226 28.5819 56.1676 108.0000 155.9573 200.5012 242.1643 
Lead ppm 63.0000 8.5298 16.6728 32.7644 63.0000 90.9751 116.9590 141.2625 
Manganese ppm 129.0000 17.4658 34.1395 67.0891 129.0000 186.2823 239.4876 289.2519 
Nickel ppm 117.0000 15.8411 30.9637 60.8482 117.0000 168.9537 217.2097 262.3447 
Vanadium ppm 289.0000 39.1289 76.4831 150.3003 289.0000 417.3301 536.5264 648.0138 
Zinc ppm 198.0000 26.8080 52.4002 102.9739 198.0000 285.9217 367.5856 443.9680 
-fc. u> 
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1 Table 5 summarizes the data obtained for Ba for each scan of the sample disk 
(Disk 3) with the average and relative standard deviation obtained at varied pulse 
repetition rates. The percent relative standard deviation for disk 3 ranged from 4.46 % to 
38.80 %; the R-squared value of the plot of the average peak intensity versus the pulse 
repetition rate, 0.8651, was not as high as that obtained for the standard; the data obtained 
from disk 3 does not successfully represent the relationship of the analyte concentration 
of the sample disk to that of the standard disk. 
Table 5. Peak Intensity Summary of 138Ba Peak for Calibration Disk 3. 
Calibration 
Disk Element Scan 1 Scan 2 Scan 3 Average Std. Dev. % RSD 
Repetition 
Rate 
3 Ba138 49.4266 44.3172 65.9497 53.2312 11.307 21.2413 1 
3 Ba138 92.5726 170.782 90.4818 117.945 45.7696 38.8058 2 
3 Ba138 618.847 587.267 549.637 585.25 34.649 5.92038 4 
3 Ba138 1240.32 1035.99 1087.53 1121.28 106.266 9.47723 5 
3 Ba138 2112.4 2040.02 1853.5 2001.97 133.576 6.67223 10 
3 Ba138 2531.13 2425.31 2314.67 2423.7 108.239 4.46586 20 
Since the analysis utilized a scanning method of ablation, scanning at a rate of 50 
)j,m/s in a straight line, it is likely that that the peak intensities are not representative of 
the sample composition. It would be beneficial to utilize a rastering method of point 
analysis that would average the intensity of ablated material from a larger surface area of 
the calibration and sample disks to more accurately represent the concentration of the 
sample based on the calibration with the standard. It is significant to note the stability of 
the data collection and the linearity of the calibration curve. The suggestion is that with 
additional method development to better represent the concentration of the disks, it will 
be possible to use the multi-shot calibration method to analyze coal and ash samples 
prepared by the fusion disk sample preparation method. 
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B. prf-GDMS 
1. Direct Determination of Lead Isotopes in Human Bone Samples via 
Radio Frequency Source Glow Discharge Mass Spectrometry (rf-GDMS) 
Six samples of excavated human bone tissue were obtained for analysis to 
determine the isotopic concentrations of lead. The samples are recorded by identification 
numbers and WAL login numbers in Table 6. 
Table 6. Bone Sample I.D. Numbers. 
Sample I.D. WAL login number 
Bone-C-22 02323-1 
Bone-D-13 02323-2 
Bone-F-IA 02323-3 
Bone-F-20 02323-4 
Bone-F-5 02323-5 
Bone-B-2 02323-6 
It is likely that the ratios of lead isotopes can be used to determine the location at 
which the subject may have been exposed to high concentrations of lead by matching this 
isotopic fingerprint to that of a particular location. 
Isotopic analysis of sample 02323-C22 was previously performed by ICPMS and 
has been provided as a standard. Table 7 reports the values of the lead isotopic analysis 
and the values of lead isotopic ratios in nature from CRC handbook are reported in 
Table 8. 
Table 7. Lead Isotope Ratios 02323-1 Reported by ICPMS. 
Isotopic Ratio Average Std Deviation 
208/206 2.03200 0.000049 
207/206 0.813773 0.000025 
206/204 19.2403 0.0054 
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Table 8. Lead Isotope Ratios in Nature (CRC). 
Isotopic Ratio Average 
208/206 2.174 
207/206 0.917 
206/204 17.214 
Due to the complexity of sample preparation and associated costs of ICPMS, it is 
hopeful that a direct analysis method may be feasible by utilizing the rf-GDMS. 
Sample 02323-1 was analyzed by the provided method with the instrument 
optimized for resolution with the results summarized in Table 9. 
Table 9. Lead Isotope Atomic Concentrations of Sample 02323-1 by rf-GDMS. 
Lead Isotope Average (10 runs) Std Deviation % Std Deviation 
204 2.219 0.255 11.488 
206 22.316 1.398 6.263 
207 22.262 1.139 5.115 
208 53.206 2.066 3.883 
208/206 2.397 0.236 9.860 
207/206 1.001 0.080 7.997 
206/204 10.132 0.892 8.799 
Sample 02323-1 was run ten more times for a second analysis with the slit in front 
of the detector slightly widened. Increasing the slit width of the ion beam entering the 
detector increased the sensitivity of the detector; however resolution was reduced. 
Sample 02323-1 was analyzed again for Pb204, Pb206, Pb207 and Pb208. The results 
were normalized to Pb208, and the total lead was calculated from each isotope. The total 
lead calculated from each isotope is provided in Table 10. 
Table 10. The Total Lead Calculated from each Isotope :?y Natural Abundance. 
Pb 
isotope BoneC22.302 BoneC22.303 BoneC22.307 BoneC22.309 BoneC22.310 BoneC22.311 BoneC22.312 
Pb204 140.572 139.75 186.884 185.946 196.001 148.701 158.438 
Pb206 99.329 99.099 95.064 92.222 96.856 99.811 96.784 
Pb207 95.848 100.618 95.808 98.549 97.142 102.629 98.394 
Pb208 100 100 100 100 100 100 100 
48 
2. Incorporation of pulse generator to rf power source for GDMS 
In accordance with the Cooperative Research and Development Agreement 
(CRDA) between the United States Department of Army, Wyoming Analytical 
Laboratories, and Western Kentucky University, a pulse generator was incorporated into 
the rf source of the VG 9000 GDMS system. It is possible that pulsing the rf source will 
allow greater ionization efficiency without the risk of catastrophic damage to the sample 
that occurs using a continuous rf signal at high energy. Once the pulse generator 
functioned satisfactorily, operation parameters were established and comparisons of 
relative sensitivity factors (RSF) were made through analysis of conductors, glass, and 
nonconductors in dc (conductors only), rf and pulsed-rf modes. 
The average elemental concentrations of several runs using NIST 610 glass 
standard are summarized in Table 11. Differences in the detected concentrations suggest 
the need for different RSF values for different modes of operation. In order to examine 
the effect of varying the voltage and duty cycle on the analysis performance, NIST 610 
glass was again used as a standard. The voltage was varied between 22 to 270 V with 
duty cycles of 0.05 to 0.15 ms out of 0.68 ms total cycle time. The results are 
summarized in Table 12. Figure 17 illustrates the effect of increasing the duty cycle to 
peak intensity for element 28Si in NIST 610 glass for various voltages. An increase in 
duty cycle results in enhanced peak intensities and can be adjusted to maximize detection 
while reducing the risk of catastrophic failure of the sample. 
Table 11. Average Elemental Concentration Analysis Comparison of Operation Mode. 
Element DC in C matrix RF in C matrix RF-Direct glass Standard Value 
0 16 % 46.401 46.615 46.469 
Na 23 % 5.649 15.024 11.828 
Al 27 % 1.085 1.041 1.376 _ 
Si 28 % 42.853 32.625 35.932 
Si 29 % 39.410 29.252 35.343 _ 
Ca 44 % 4.055 4.209 4.155 
Mn 55 ppm 327.517 383.487 499.764 485 ± 10 
Fe 56 ppm 600.987 360.200 388.263 458 ± 9 
Ni 58 ppm 345.307 286.506 433.973 458.7 ± 4 
Rb 85 ppm 72.276 114.936 158.243 425.7 ± 0.8 
Sr 88 ppm 233.270 64.699 146.749 515.5 ±0.5 
Pb 208 ppm 311.666 268.039 694.326 426 ± 1 
Th 232 ppm 84.544 16.835 37.589 61.8 ± 2.5 
U 238 ppm 153.511 21.436 53.003 461.5 ±1.1 
Table 12. Effect of Duty Cycle and Voltage on Analysis. 
Peak 
to 
Peak 
cycle 
time 
duty 
cycle 
AVG 
15 
Peak 
15 
AVG 
150 
Peak 
150 M*20 Si 28 Si 30 Ar 40 Fe 56 M*80 Pb 208 
V ms ms W W W W Ppm Ppm Ppm % Ppm % ppm 
22 0.66 0.05 0.4 0.4 1181.104 9.808 17.936 73.425 
4.54E-
02 26.456 0.4 
86 0.68 0.1 1.8 2 — - 45434.36 956.69 1031.969 86.132 0.742 9.229 1.013 
86 0.68 0.2 3.8 4.2 — 45150.48 1479.765 1631.57 90.596 1.737 4.74 2.751 
86 0.68 0.3 7.2 7.9 — — 70164.2 2887.539 2994.3 89.458 3.993 3.235 5.884 
86 0.68 0.4 11.2 11.8 12 18 82878.94 3625.114 3486.087 88.557 4.808 2.791 7.056 
86 0.68 0.5 - - - 17 20 90318.41 4350.082 4522.145 87.863 5.042 2.669 8.414 
86 0.68 0.6 ~ - 21 99664.31 5285.621 5195.791 86.894 7.002 2.61 8.929 
120 0.68 0.09 2.3 2.6 - - - 45041.22 2183.081 2161.192 92.03 3.473 3.247 6.568 
120 0.68 0.2 6.2 7.3 - - 62588.88 7136.593 6649.518 90.832 8.077 2.194 10.571 
120 0.68 0.4 ~ - 19 30 92057.38 17937.87 18192.46 87.394 10.82 1.604 13.799 
150 0.7 0.07 1.8 2 ~ — 69942.47 1206.309 3.641 91.402 1.433 1.483 2.905 
150 0.7 0.2 7.9 9.4 11 24 70600.34 9899.489 9347.792 90.772 8.825 1.176 15.852 
150 0.7 0.28 13.9 17 32 69985.01 12126.06 12118.64 90.862 9.726 0.925 12.326 
175 0.67 0.1 3.6 4.3 7 14 53386.49 6771.46 6365.167 92.948 6.905 1.034 10.468 
175 0.67 0.2 10.4 12.4 14 31 45170.11 13987.26 12649.64 93.219 15.315 0.862 19.581 
175 0.67 0.25 14.5 ~ 18 37 49767.97 17345.7 16099.62 92.664 12.083 0.622 13.583 
215 0.67 0.07 3 3.4 - ~ 42994.97 7626.092 6874.8 93.762 7.855 1.174 11.114 
215 0.67 0.1 5.2 6.3 8 21 22937.19 11140.53 11705.58 95.651 9.948 0.938 17.804 
215 0.67 0.15 8.9 10.9 13 31 26893.77 15575.48 13561.42 94.933 15.193 0.816 21.086 
230 3 0.3 2.1 2.9 5 15 9506.774 26777.24 28097.97 95.196 23.573 1.169 36.785 
240 10 1.4 3.4 5 8 23 69782.38 95594.79 1.228 80.697 180.391 2.727 206.429 
210 0.2 0.05 15 ~ 17 32 65087.81 10486.12 11066.88 91.612 9.695 0.829 13.347 
270 3.7 0.55 3.9 5.5 ~ 25 21978.76 89853.76 84374.89 87.32 61.622 1.483 79.661 
o 
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Figure 17. Effect of duty cycle on peak intensity. 
IV. CONCLUSIONS 
Based on the work discussed in this thesis, the development of laser ablation 
inductively coupled plasma mass spectrometry and pulsed radio-frequency glow 
discharge mass spectrometry techniques will play a significant role in the area of 
direct analysis of solid samples. In the case of LA-ICPMS, further development of 
ablation methods which facilitate representative analysis of a bulk sample will be 
instrumental in performing direct analysis of samples using matrix matched standards 
to calibrate using the multi-shot laser ablation technique. LA-ICPMS will be a useful 
means to rapidly analyze quantitatively the composition of ash samples using 
reference standards. 
It has been demonstrated that glow discharge mass spectrometry is a useful tool 
for quick and easy elemental analysis of the bulk composition of conductive samples 
as well as nonconductive samples by using the radio-frequency source in order to 
overcome the limitations associated with direct current sources that facilitate only the 
analysis of conductive materials. In addition, the incorporation of a pulse generator 
in order to allow higher peak power for short periods of time was demonstrated as a 
successful technique to increase signal intensity while reducing the risk of 
catastrophic sample failure. The application of the Prf-GDMS technique was 
demonstrated in the isotopic analysis of nonconductive bone tissue, exhibiting the 
usefulness of the method not only in the area archaeology but also in the area of 
medical research. 
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